The freeze/thaw process and the surface energy budget of the seasonally frozen ground in the source region of the Yellow River were investigated by using observed soil temperature and moisture and the energy flux from May 12, 2014, to May 11, 2015 Compared with the Maduo site, the starting date of the freezing process was later and the freezing depth was shallower at Maqu site. The maximum frozen depth was about 320 cm at Maduo site and 90 cm at Maqu site. The soil temperature of Maqu site was higher than of Maduo site due to lower latitude and altitude. The soil was the driest under the depth of 40 cm and 80 cm at Maduo and Maqu sites, respectively. The diurnal amplitudes of soil temperature of Maduo site were larger than of Maqu site at four freeze/thaw stages; the amplitudes were the largest in the completely thawed stage (9.19°C and 4.35°C) and minimal in the freezing stage (1.23°C and 0.47°C). The diurnal amplitudes of soil moisture of Maqu site were greater than of Maduo site at all stages. The net radiation Rn's seasonal change was hardly influenced by the freeze/thaw process. The mean ground heat flux (G 0 ) was negative during the freezing and completely frozen stage and positive during the thawing and completely thawed stage. During the completely thawed and frozen stages, the latent heat flux (LE) and sensible heat flux (H) predominated in the surface energy distribution, respectively. Overall, the variations of fluxes were affected by both the monsoon and freeze/thaw process of the soil layer in seasonally frozen region. The freeze/thaw process had a significant effect on the diurnal change of G 0 during the freezing stage. The annual energy closure status of Maduo and Maqu sites was 0.77 and 0.58, respectively. The energy closure status was the highest during the completely thawed stage at Maduo site and during the thawing stage at Maqu site and lowest during the freezing stage among the four stages, due to the snow cover's impact. Overall, the freeze/thaw process and the high albedo caused by snow cover had effects on the energy closure status.
Introduction
The Tibetan Plateau (TP), is the largest and most extensive plateau of the world, is known as "the roof of the world" (Ma et al. 2005; Qiu 2008; Wu et al. 2012) . The water and energy cycle over the TP have far-reaching impacts on the Asian climate system's formation and evolution and is one of the important parts of the global water and energy cycle (Webster 1987) . Seasonally frozen grounds are widely present in the TP, with the area of 1.46 × 10 6 km 2 over the TP (Zou et al. 2017) . Because of its effects on water supplies (Guo et al. 2011a) , energy exchanges (Gu et al. 2015) , and climatecryosphere interactions in the atmospheric boundary layer , seasonally frozen soil becomes an important portion of hydrologic and climatic variables (Duguay et al. 2013; Gu et al. 2015) .
On the northeastern TP lies the source region of the Yellow River Basin, where the land surface covers from transitional, mosaicked zones of seasonally frozen ground and isolated patched permafrost to discontinuous and continuous permafrost (Jin et al. 2010) . In recent years, due to the extreme sensitivity of the source region of the Yellow River to the climate change, a series of ecological and environmental degradation phenomena ensue: the cutoff of the main river, accelerated melting of glaciers, and thinning of frozen ground layer (Hu et al. 2011; Lan et al. 2010; Li et al. 2013; Ye et al. 2015) . The trends of air temperature and soil temperature and the parameters of seasonally frozen ground and permafrost have been studied in the source region of the Yellow River by many recent studies (Hu et al. 2012; Jin et al. 2009 Jin et al. , 2010 Li et al. 2013; Ye et al. 2015) . One recent study has found that the warming trend of the soil in the region is greater than in the other parts of the TP (Luo et al. 2016 ). Significant warming trends have been observed in this region over the periods 1960 -1990 , 1960 -2000 , and 1960 , particularly over the period 1960 (Hu et al. 2012 . Jin et al. discovered the mean rate of air temperature rise of the source area of the Yellow River was 0.02°C year −1 since the 1980s (Jin et al. 2009 ). Significant soil warming was detected, and the warming trend of soil was greater than of the air. During 1981-2014, the temperatures of surface soil (0 cm), shallow layer soil (5-20 cm), and deep layer soil (40-320 cm) had been risen at rates of 0.706°C, 0.477°C, and 0.417°C decade −1 in three river source regions (Luo et al. 2016) .
The soil freeze/thaw cycle is very sensitive to climate change, especially in the near-surface soil (Guo and Wang 2013; Yang et al. 2007 ). In recent years, significant warming of the source region of Yellow River unavoidably leads to changes in the soil freeze/thaw cycles (Guo and Wang 2014; Li et al. 2002) . These warming trends caused an increase in the thickness of permafrost active layer, a decrease of the frozen depth of seasonally frozen ground, a delay of the freeze first date, a significant advance of the freeze last date, and an accelerated decrease of the freeze duration (Guo and Wang 2013; Guo and Wang 2014; Li et al. 2012; Luo et al. 2017; Wang et al. 2015; Wu et al. 2012; Xian et al. 2009; Zhao et al. 2010) . Since the 1980s, the average maximum depth of frost penetration has decreased by 0.1-0.2 m in the source region of Yellow River, and the maximum frozen depths of seasonally frozen ground vary from 2.2 to 2.4 m in the Maduo weather station (Jin et al. 2009 ). According to a recent study, the freeze duration experienced an accelerated decrease during the 1960-2014, 1985-2014, and 2000-2014 periods , and the rate of decrease was − 7.52 days decade −1 over the past 55 years, − 14.74 days decade −1 over the past 30 years, and − 16.90 days decade −1 over the past 15 years (Luo et al. 2017) .
Traditionally, the processes of soil thawing and freezing are accompanied by frequent phase transitions between soil ice and soil water, resulting in the absorption and release of latent heat. The oscillation in the soil thermal regime and the corresponding freeze/thaw cycles cause changes in the exchanges of energy and moisture between surface soil and atmosphere (Guo et al. 2011a; Yang et al. 2007 ). Because the soil freeze/ thaw processes change the sensible and latent heat flux, radiant flux, energy and momentum exchange between the surface and atmosphere via the change of the surface albedo, evapotranspiration, the soil infiltration, runoff, and the condition of vegetation, the soil freeze/thaw processes have an extensive impact on climate change . The importance of soil freeze/thaw processes on the land surface-atmosphere exchange has been highlighted by several recent studies on the TP. The spatiotemporal variations in surface water and the heat balance are caused by the land surface seasonal freeze/ thaw processes and their spatial distribution in both observation and model simulation (Guo et al. 2011b) . Data observed at the Tanggula and Xidatan monitoring stations indicates that a seasonal alternation was exhibited between the latent heat flux (LE) and the sensible heat flux (H), and the characteristic primarily depends on the freeze/thaw processes of the active layer and monsoon precipitation (Yao et al. 2011) .
According to the simulation experiments by Chen et al. , the freeze/thaw process has a buffering influence on the seasonal changes of soil and near-surface temperatures and reinforces the energy exchange between the surface soil and the atmosphere. Therefore, the effects of freezing and thawing process of seasonally frozen ground on the surface energy budget of the source region of the Yellow River must be included to represent their impacts on the landatmosphere interactions.
The main purpose of this study is to reveal the details of the freeze/thaw process and the surface energy budget of the seasonally frozen ground in the source region of the Yellow River through observation data. The annual and daily changes of soil temperature, soil moisture, and surface energy flux with different freeze/thaw stages were analyzed by using observation data from the Maduo and Maqu sites from May 12, 2014, to May 11, 2015. The start and end time of each freeze/thaw stage were determined by a new method. Section 2 presents the description of data and methods. In section 3, we show the results of analysis and we discussed them in the context of flux exchange between the soil and the atmosphere.
Data and methods

Sites and data
The basic data used in this study were obtained at two monitoring sites. These two sites are located in the northwest (Maduo site) and southeast (Maqu site) of the source region of the Yellow River, respectively (Fig. 1 ). The Maduo site (97°3 4′ E, 34°54′ N; and 4280 m) is located on the alpine steppe of the west bank of Lake Ngoring, within the plateau subfrigid semi-arid climate zone. The Maqu site (102°09′ E, 33°53′ N; and 3423 m) is located in a relatively large open space. The climate zone of this site is plateau subfrigid humid (Zheng et al. 2010) . The total vegetation coverage is about 92% with alpine meadow, and the heights of the grass in the summer and winter are about 15 cm and 5 cm, respectively. According to the soil temperature data of the two sites as shown in Fig. 2 , Maduo site and Maqu site are both located within the seasonally frozen soil region. Though the surface is mainly covered with sandy and loam soil at both sites, the soil at Maduo site contains substantial amount of gravel and fine stone, and its soil particle size is coarser than that at Maqu site. According to the dataset of annual surface observation values of China provided by the China Meteorological Data Service Center (CMDC), the average annual air temperature at the Maduo and Maqu sites was − 3.3°C and 1.8°C, respectively, and the average annual precipitation was 332.5 mm and 593.4 mm, respectively.
The data used in this work were primarily observed from micrometeorological gradient towers and eddy covariance system at the Maduo and Maqu sites from May 12, 2014 , to May 11, 2015 . The Maduo observation system is composed of a grass station and a gradient tower station. The grass station was located about 1500 m to the western lakeshore. The sensible heat flux (H) and latent heat flux (LE) were obtained from an eddy covariance system of the grass station, which primarily included a 3-D ultrasonic anemometer (CSAT3, Campbell Scientific) and an open path fast response CO2/H2O infrared gas analyzer (LI-7500/EC150, LI-COR/Campbell Scientific). The system was located at 3.2 m above the ground surface and can be used to measure the 3-D wind velocity, the density of water vapor, and CO 2 . The downward and upward shortwave and longwave radiation were measured by a four-component net radiometer (CNR-1, Kipp and Zonen) at 1.5 m height . These data were recorded with a data logger (CR3000, Campbell Scientific). The tower station was located about 30 m to the lakeshore; the soil temperature and the soil moisture content were recorded at the depths of 0.05, 0.10, 0.20, 0.40, 0.80, 1.60, and 3.20 m at the tower station (109L, Campbell Scientific) with a CR1000 data logger (Campbell Scientific). The soil temperature and the soil moisture content of the tower station and other data of the grass station were used in this study. The Maqu site included an eddy covariance system and micrometeorological measurements. The component parts of the eddy covariance system of Maqu site were the same as that of Maduo site. The system consisted of a 3-D ultrasonic anemometer (CSAT-3, Campbell Scientific) and an open path infrared gas analyzer (LI-7500/EC150, LI-COR/Campbell Scientific). Net radiation (Rn) was measured by a net radiometer (CNR-1, Kipp and Zonen) at 1.5 m above the soil surface (Shang et al. 2015) . Soil temperature and soil moisture water content were observed at the depths of 0.025, 0.05, 0.10, 0.20, 0.40, 0.80, and 1.60 m at Maqu site. Soil heat flux (G 0 ) was obtained using heat flux plates (HPF01, Wohlwend Engineering) at a depth of 0.07 m below the soil surface. Table 1 shows the height or depth of the instruments related to the study at Maduo and Maqu site.
Methods
Ground heat flux
The ground surface heat flux (G 0 ) can be measured by the heat flux plate directly except for rare cases. The position of the heat flux plate usually has a certain depth (Heusinkveld et al. 2004) . Therefore, G 0 was usually calculated by the 1-D soil heat conduction equation (Falge et al. 2001; Liebethal et al. 2005) :
The first term on the right side of the equation is the soil heat flux at a depth of Z, and the second term is the soil heat flux between the ground and the depth of Z over time. Since the depths of the measured soil heat flux at two sites are different, integrating Eq. (1), we obtain: 5, 5, 10, 20, 40, 80, 160 cm where the ground surface heat flux G 0 of the Maduo and Maqu sites is obtained by Eq.
(2) and Eq. (3). The average volume heat capacity (c v ) is defined as:
where C dry = 0.90 × 10 6 J/m 3 • K is the volume heat capacity of dry soil, C liq = 4.18 × 10 6 J/m 3 • K is the volume heat capacity of liquid water, θ Z is the soil moisture content (%) at a depth of Z, G Z is the observed soil heat flux (W/m 2 ) at a depth of Z, and T(Z) is the soil temperature at a depth of Z.
Net radiation
The net radiation (Rn) was estimated from the four radiant components of the two sites according to the following equation:
where Rl downwell is the downward longwave radiation (W/m 2 ), Rl upwell is the upward longwave radiation (W/m 2 ), Rs downwell is the downward shortwave radiation (W/m 2 ), and Rs upwell is the upward shortwave radiation (W/m 2 ).
Sensible heat flux and latent heat flux
The sensible heat flux (H) and the latent heat flux (LE) are obtained by 30-min mean covariance:
where ρ a is the atmospheric density (kg m −3 ), c p is the specific heat capacity of the atmosphere at the constant pressure (J/kg·K), w is the velocity of the vertical wind (m/s), T is the air temperature (K), L v is the latent heat of vaporization (W/m 2 ), and q is the specific humidity of air (kg/kg). It is an unavoidable and universal problem to encounter missing data for a long-term continuous observation because of power failure or instrument malfunction. Moreover, the data quality control may increase data gaps of the data sets because of the elimination of unreasonable data (Shang et al. 2015) . For the data mentioned above, the mean diurnal variation (MDV) method could be used to fill the data gaps. The mean diurnal variation (MDV) method is a technique of interpolation according to the temporal autocorrelation of the turbulent fluxes. The gap is filled by the average of effective observations measured simultaneously (the same half an hour) on adjacent days. Generally, the recommended window length is no longer than 2 weeks, because the nonlinear dependence on environmental variables may make large errors and considerable uncertainty over longer periods (Gu et al. 2015) . The window length is 5 days in the study.
Results and discussion
The freeze/thaw process
The division of the freeze/thaw stages was based on soil temperature primarily in previous studies on the freeze/thaw process. Based on the daily minimum/maximum soil temperature, the soil freeze/thaw processes in the whole year were divided into four freeze/thaw stages including the completely frozen stage (daily maximum soil temperature is less than 0°C), the completely thawed stage (daily minimum soil temperature is greater than 0°C), and the freezing and thawing stages (daily maximum soil temperature is greater than 0°C and daily minimum soil temperature is less than 0°C) (Guo et al. 2011b ). Dividing the freeze/thaw stages of Maduo and Maqu sites with this method, we found that the freezing and thawing stages of the soil layers were generally only 1-2 days, which was inconsistent with the facts. This inconsistency shows that the freeze/thaw process of soil is complicated, and it is not reliable to divide the freezing and thawing stages only based on soil temperature. Therefore, the freeze/thaw process was divided by the change of soil temperature and soil moisture content in this study, in which the sharp transition of the soil moisture content at each soil layer was detected by a moving t test technique with a step of 15 days. The abrupt change time instants (the significance level α = 0.001, the t value is 3.5, tα = 3.29, which gives a more strict level of significance) of the soil moisture content around the time when the soil temperature is less than 0°C is the thawing process; the abrupt change time instants of the soil moisture content around the time when the soil temperature is more than 0°C is the freezing process; the completely frozen stage is between the freezing process and the thawing process; and the completely thawed stage is between the thawing process and the freezing process. The ground diurnal freeze/thaw occurred on every day at the thawing and freezing stages. Based on the method above, four freeze/thaw stages of Maduo site and Maqu site at all depth were defined with a data interval of 30 min (Table 2) . Table 2 shows the starting dates and periods of the four soil freeze/thaw stages during May 12, 2014, to May 11, 2015. The Maduo site had a longer freezing-thawing period (the freezing stage, the completely frozen stage, and thawing stage) than the Maqu site at every soil depth. On average, the freezing-thawing period persisted approximately 174 days (shallow soil layer, 5-40 cm) and 120 days (deep soil layer, 80-320 cm) for the Maduo site (plateau subfrigid semi-arid climate zone), only 142 days (shallow soil layer) and 53 days (deep soil layer) for the Maqu site (plateau subfrigid humid climate zone) in the year as shown in Table 2 . The starting dates of freezing were delayed as the depth of the soil increased for both Maduo and Maqu sites. In comparison with other sites on the TP, the freezing-thawing process of the BJ (central TP, seasonally frozen ground) and Beiluhe (permafrost) sites persisted approximately 199 days and 208 days, respectively (Ge et al. 2016; Guo et al. 2011b) .
As the temperature of the surface soil began to decrease below the freezing point in late October at the Maduo site (Table 2) , the soil moisture began to reduce as a result of the soil temperature ( Fig. 3a) . It took 25 days for Maduo site to reach the completely frozen stage for shallow soil layer. Compared with the Maduo site, the starting date of the freezing process was later and the freezing depths were shallower at the Maqu site ( Table 2 , Fig. 2b ). The soil of Maqu site began to freeze in mid-November; it took 27 days for Maqu site to reach the completely frozen stage for the shallow soil. Compared with other sites of the TP, the surface soil of MS3478 and BJ sites began to freeze in early November; the start dates of the freezing process at the two sites were earlier than at Maqu site but later than at Maduo site. The surface soil of ANNI and D105 sites began to freeze in late and early October, respectively; the start date of the freezing process at the D105 site was earlier than at Maduo site . After that, the soil was at the completely frozen stage for a long time at both sites. The Maduo site sustained a longer completely frozen period than the Maqu site. For nearly onethird of the year, the shallow soil layer at the Maduo site was in completely frozen stage whereas only for 84 days at the Maqu site. With the increase in solar radiation, the soil temperature rose, and both the surface soil and the soil of the bottom frozen layer began to thaw rapidly at late (early)
March of the following year at the Maduo (Maqu) site. The surface soil of BJ, ANNI, and D105 sites began to thaw in late March, and MS3478 site began in mid-March. The start dates of the thawing process of MS3478 site were earlier than of Maduo site but later than of Maqu site . The thawing of deep layer soil was faster than of the shallow layer soil (Table 2) , because the soil temperature of the deep layer soil was higher than of the shallow layer soil (Fig. 2) . The thawing process of the Maqu site was similar to the Maduo site except that the starting dates of the thawing process at Maqu site were earlier than at Maduo site, due to the high soil moisture of Maqu site (Yang et al. 2003) . The soil at the depth of 160 cm of Maqu site was kept in the completely thawed stage throughout the year. Figure 2 indicates that the maximum frozen depth is about 320 cm at the Maduo site and 90 cm at the Maqu site. The ground diurnal freeze/thaw occurred on every day of the freezing and thawing stages. As shown in Table 2 , it took about 50 days and 58 days of the ground diurnal freeze/thaw process to alternate between the completely frozen/thawed stages in the shallow soil layer of the Maduo and Maqu sites. These durations were shorter than of TGLMS (the Tanggula monitoring station, 83 days) and XDTMS (the Xidatan monitoring station, 132 days) of the permafrost (Yao et al. 2011 ).
Characteristics of soil temperature and soil moisture content
The daily mean soil temperature and soil moisture content calculated from the data of 30-min interval were used in the following analysis. Although the soil temperature at Maduo site and Maqu site was all at the lowest between January and February (Fig. 2) , the variations still existed between the two sites. The temperature of the Maduo site is lower than of the Maqu site between January and February; the temperature difference between the two sites was about 4°C near the surface layer. The surface temperature, as well as the shallow soil at the two sites, was highest between July and August. There were some differences between the two sites: the soil temperature of the Maqu site was higher than of the Maduo site due to the lower latitude and altitude; the annual mean soil temperature calculated by the daily mean values at the depth of 5 cm in the Maduo and Maqu site was 2.05°C and 5.15°C, respectively. The Maduo site lies to the northwest of the Maqu site and is higher than the Maqu site. Overall, the soil moisture of the site Maqu was higher than that at site Maduo (Fig. 3) .
The soil moisture at the two sites decreased with the increase of the soil depth. The soil at the Maduo site was the driest under the depth of 40 cm, and the soil moisture of Maqu site decreased rapidly from the depth of 50 cm to 80 cm. Unlike the Maduo site, the soil at Maqu site was the driest under the depth of 80 cm due to the difference of the soil type and the climate type between the sites. Compared with the Maqu site, the soil particle size is coarser at Maduo site; meanwhile, the soil contains plenty of gravel and fine stone. Therefore, the water-holding capability of the soil at Maqu site is higher than at the Maduo site. The climate zone of the Maduo site and the Maqu site is the plateau subfrigid humid and the plateau subfrigid semi-arid, respectively. As the soil moisture is affected by precipitation, the average annual precipitation was 332.5 mm and 593.4 mm at Maduo and Maqu, respectively (1981-2010) . The daily precipitation of the Maduo and Maqu meteorological stations from May 12, 2014, to May 11, 2015, shows precipitation mainly occurred between June and September (Fig. 3) , which was 72.57% and 74.95% of the annual values, respectively. Therefore, the shallow soil water content kept high between June and September (Fig. 3) . Due to the lower precipitation of early July at the two sites, the surface and shallow soil water content decreased at the end of July. At the Maduo site and Maqu site, the surface soil started to freeze in October and mid-November respectively and stayed frozen for about 5 months ( Table 2 ). The precipitation decreased (Fig. 3 ) and the surface soil began to freeze; hence, the shallow soil water content started to decrease at the same time (Fig. 3) .
In spite of the quite low precipitation of the soil-freezing stage, the soil moisture content was still high at the start of thawing (Fig. 3) . This is because the ground temperature decreased as freezing started, and only a little soil liquid water was transferred from the surface soil to the atmosphere through sublimation; most of the water was stored through the frozen soil (Yang et al. 2003) . The diurnal amplitudes of soil temperature of Maduo site were larger than of Maqu site at all freeze/thaw stages (Fig. 4) . Fig. 3 The daily precipitation and the isotherms of the soil moisture at Maduo (a) and Maqu (b) sites from May 12, 2014, to May 11, 2015. The soil moisture content refers to volumetric content and the intervals are 0.05 At the same depth of the soil, diurnal variation patterns of soil temperature were similar between the different stages, and the diurnal amplitudes of the two sites are the largest in the completely thawed stage (9.19 and 4.35), while the least in the freezing stage (1.23 and 0.47). Consistent with the study of Chen et al. (2014) , part of the energy is used for phase change in the freezing process, resulting in smaller changes in soil temperature. The soil temperature was slightly higher in the thawing stage than in the completely frozen stage at the depth of 5 cm of Maduo site, while the opposite was true at the Maqu station. The soil temperature possessed no diurnal variation at all freeze/thaw stages diurnal below the depth of 40 cm at both Maduo and Maqu sites, and the soil temperature increased with the soil depth in the freezing and the completely frozen stages. The soil temperature decreased with soil depth in the complete thawed stage during daytime because of the large net radiation at the surface. As the soil depth increased, the diurnal cycle of soil temperature variation diminished. The diurnal variation of soil moisture decreased with depth (Fig. 5) . The soil moisture of the Maqu site was less than that of the Maduo site in the thawing stage, while for the shallow soil layer, Maqu was much wetter than Maduo in the completely thawed stage. The variation of soil moisture the deep soil layer was weak at both sites. The diurnal amplitudes of soil moisture of Maqu site were greater than of Maduo site at all freeze/thaw stages. There was a significant diurnal variation of soil moisture at the two sites during the thawing stage. The soil moisture during the completely thawed stage was sufficient, which resulted in a quite weak diurnal range of the moisture of the shallow soil layer. However, compared with the completely thawed stage, the soil moisture was significant at the shallow soil layer during the completely frozen stage; that is, not all liquid water was converted into ice even during the completely frozen stage, and there still was a diurnal variation of the soil water content due to the surface energy of the soil particles (Chen 2014) . The soil always maintained a The freeze/thaw process and the surface energy budget of the seasonally frozen ground in the source region... certain amount of liquid water during the completely frozen stage. There was a dynamic equilibrium between soil moisture and soil temperature. The diurnal variation of soil moisture during the completely frozen stage was consistent with the diurnal variation of soil temperature. Figure 6 shows the annual variations of the daily mean surface energy fluxes at Maduo and Maqu sites. The energy flux variations of the two sites demonstrated certain similarities.
The variation of flux under different freeze/thaw soil conditions
The annual variations of net radiation (Rn) of the Maduo and Maqu sites showed a unimodal change: peaking in summer and plunging in winter. On the one hand, Rn's seasonal trend was affected greatly by the seasonal variation of the subsolar point and the winter snow cover. On the other hand, synoptic weather caused the large day-to-day fluctuation of Rn as shown in Fig. 6 . Rn was hardly influenced by the freeze/thaw process. The variation of the ground surface heat flux (G 0 ) was weak compared with Rn. Table 3 shows that mean G 0 was negative during the freezing and completely frozen stage, due to the gradual decrease of air temperature and the soil-freezing process. During the two stages, the transport of heat outward from the soil to the atmosphere increased the available energy. The G 0 of the freezing stage was greater than of the completely frozen stage at both the Maduo and Maqu stations. The release of energy from the freezing stage of the soil actually increased the upward intensity of soil heat flux, which is consistent with the simulation results of the previous study . During the thawing and completely thawed stages, the mean G 0 was positive, due to the high air temperature and the thawing of soil absorbing heat. The net effect of the two stages on energy exchange was the absorption of heat by the soil from the atmosphere. The G 0 of the thawing stage was greater than of the completely thawed stage at both two sites. The energy absorption from the thawing stage of the soil actually increased the downward soil heat flux. The annual mean values of the G 0 at Maduo site and Maqu site were − 2.28 and 0.28 W/m 2 , respectively. Hence, the overall annual effects of the two sites were different. The heat was transferred from the soil to the atmosphere at Maduo site and absorbed by the soil from the atmosphere at the Maqu site.
During the completely thawed stage, the soil moisture of the shallow soil layer increased (Fig. 3) because the monsoon season increases the precipitation. In addition, the evapotranspiration from the surface soil to the atmosphere increased due to more flourishing vegetation. Therefore, Fig. 6 and Table 3 show that LE was higher than the H at both sites, the variation of LE was similar to the variation of Rn, and LE predominated in the surface energy distribution. It was shown in a previous study that not only a significant amount of water vapor but also heat energy Fig. 6 The daily averages of the surface energy fluxes at Maduo (a) and Maqu (b) sites from May 12, 2014 , to May 11, 2015 . LE refers to latent heat flux, H refers to sensible heat flux, G 0 refers to the ground surface heat flux, and Rn refers to net radiation. The gray area around November 2014 refers to the freezing stages, and around April refers to the thawing stages were transferred through evapotranspiration from the soil to the atmosphere; therefore, the reduction of heat energy in the surface soil suppresses the increase of soil temperature, resulting in a decrease of the land-atmosphere temperature difference, thereby reducing the H (Yang et al. 2003) . As showed in Fig. 6a , Rn and LE had a step increase but without a H decrease at Maduo site. This is because the angle of solar altitude is the largest of the year in late June and early July as we know it, so usually, Rn is the highest value at this time of a year. While as shown in Fig. 6a , there was no increase in Rn before June 27, 2014, which was attributed to the continuous heavy 10-day precipitation (the accumulated precipitation, 47.3 mm) from June 18 to June 27 (Fig. 3a) . From June 28, more typical sunny days appeared, and Rn increased quickly. Because of the high value of the soil moisture at this time (Fig. 3a) , LE has a step increasing by increased Rn. The reason why this change did not exist at Maqu site is that the precipitation in July is less compared with other months, so LE of the Maqu site did not show a step change around July 1, 2014. The shallow soil moisture and the evaporation were weak during the completely frozen stage, resulting in a low LE. As the H predominated in the surface energy distribution, the variation of H is similar to the variation of Rn. During the freezing stage, the soil liquid water began to reduce while freezing, which caused the weak increase of H and decrease of LE. However, the LE started to decrease before the soil-freezing, which indicates the effect of soil-freezing for the variation of LE is weak. The H started to increase with the Rn before the soil thawed. The Rn still increased with the change of season during the thawing stage, causing the weak increase of the H and the enhancement of LE. The contribution of the thawed water to latent heat flux was durative, and the contribution continued with the durative thawing process (Yao et al. 2011 ). In addition, in soils, the thawing edge of the active layer prevented downward penetration during the thawing stage. This may result in more water accumulated on the surface layer soils, thus allowing more available water to evaporate. Overall, the variations of fluxes were affected by both the monsoon and the freeze/thaw process of the soil layer in the seasonally frozen region.
Diurnal variation of flux under different freeze/thaw soil conditions
The soil temperature at the depth of 5 cm was above 0°C, and the diurnal variation was significant at both sites during the completely thawed stage (Fig. 4a2, b2 ). Soil moisture was sufficient for both daytime and nighttime because of the abundant rainfall during the completely thawed stage, which resulted in a quite weak diurnal range (Fig. 5a2, b2 ). During the completely thawed stage, the diurnal variations of the LE were greater than of H at both sites as shown in Fig. 7a2, b2 , because LE produced by evaporation was larger during the day and smaller during nighttime due to the absence of solar radiation heating (Fig. 7a2, b2) . Therefore, the variation of LE is consistent with the variation of Rn, and although the solar radiation heating was high during daytime at the completely thawed stage, the H was still small, which results from the heat of evaporation absorbed from the soil surface water. In addition, the H was also small during nighttime, resulting in a relatively low range of daily variation. The diurnal variation of G 0 was significant in the completely thawed stage.
During the completely frozen stage, the soil temperature at the depth of 5 cm is < 0°C. Because the soil maintained a certain amount of unfrozen liquid water in the stage, the LE still has a diurnal variation, although the range is weak because of the quite low diurnal range of soil moisture (Fig. 5a4,  b4 ). Solar radiation was mainly distributed to H; hence, the diurnal variation of the H was greater than of the LE. The diurnal change of Rn during the completely frozen stage was significantly smaller than of other stages, which may be due to the thermal insulation effect and the large albedo of the snow cover during the completely frozen stage.
During the freezing and thawing stage, the soil moisture was pronouncedly greater in the completely frozen stage at the depth of 5 cm (Fig. 5a2, b2 ). However, due to the influence of the daily freeze/thaw cycle on the shallow soil layer, the LE was still small in the daytime. The soil moisture during daytime decreased first and then increased, which was opposite to the diurnal variation of net radiation. That is, the surface soil moisture was weak when the net radiation was large, and the negative change inhibits the increase of LE during the daytime. A previous simulation study (Guo et al. 2011b) indicates that the LE is significant during the freezing stage, and the variance may be due to the inaccuracy of soil liquid water simulation. The diurnal variation of H during the thawing stage was larger than that occurred in the completely thawed stage. This may be due to the primary allocation of solar radiation to the latent heat of evaporation because of high precipitation during the completely thawed stage (Guo et al. 2011a) . G 0 was the smallest during the freezing stage, due to the weak diurnal variation of soil temperature and small soil moisture in the stage, which resulted in the smaller values of Δg in the stage compared with those in others. The freeze/ thaw process had a significant effect on the diurnal change of G 0 during the freezing stage.
Energy closure status
The status of energy closure is an important criterion for evaluating the quality of the flux data (Aubinet et al. 2012; Foken 2008; Foken and Napo 2008; Leuning et al. 2005) . The energy closure ratio (CR) is defined as follows:
CR being closer to 1.00 shows the energy closure status is better. In the past decades, many studies have been reported about the energy balance closure: the turbulent fluxes (the sum of the LE and H) are usually smaller than the surface effective energy, which is the difference between the Rn and the G 0 (Barr et al. 2012; Foken et al. 2006; Franssen et al. 2010; Gu et al. 2015; Heilman et al. 2009; Mauder et al. 2013; Wilson et al. 2002) . Many scientists have discussed the problem about why the energy balance is not close (Culf et al. 2004; Foken et al. 2006; Gu et al. 2015; Wang et al. 2009 ): (1) measurement errors, particularly the H and LE, might be underestimated by the eddy covariance method; (2) the different equilibrium layers and the different measurement method scales, discussed in energy storage in the soil and the canopy;
(3) the differences of the land surface; and (4) a loss in the low-frequency band.
Studies about the energy of the TP show that the energy closure status during daytime is better than that during nighttime, and it is also better in a sunny day and not in a cloudy, rainy, or snowy day . Therefore, some researches calculate the energy closure status only on the typical sunny days (Ao et al. 2008 ). In order to analyze the annual variation of the energy closure status and the effect of the freeze/thaw process on the energy closure status, all times were calculated in this study, resulting in a low energy closure, compared with the studies that only consider sunny days. Figure 8 shows the energy closure status by using the daily average flux data at Maduo site (a) and Maqu site (b) from May 12, 2004 , to May 11, 2005 . The daily average flux data was used mainly because studies show that the energy closure status is also related to the temporal scales (Gu et al. 2015; Yao et al. 2011 ). The energy closure status of the two sites was 0.77 and 0.58, respectively. The energy closure status of the Maduo site was better than that of the Maqu site. The reason for the lower energy closure status of the Maqu site may be the high grass, which resulted in the neglect of the energy transferred from the canopy in the calculation of the energy closure status. The energy closure status with daily average flux data at BJ site and Tanggula site was 0.87 and 0.99, respectively (Gu et al. 2015) , greater than those of Maduo and Maqu sites, which is due to the difference in vegetation types.
The energyclosurestatusoftheMaduo siteduring thecompletely thawed stage was 0.92 ( Fig. 9a2) , which was higher than those in other stages and the annual energy closure status (0.77) (Fig. 8a) . Because the grass of the underlying surface was higher in summer at the Maqu site, the influence of canopy energy transmission decreased the energy closure status (0.57) at Maqu in the completely thawed stage (Fig. 9b2) . Instead, the energy closure status of Maqu site is the highest (0.78) during the thawing stage (Fig. 9b1 ). The energyclosurestatusofbothsiteswasthelowestduringthefreezing stage, 0.54 (Fig. 9a3 ) at Maduo and 0.46 (Fig. 9b3) at Maqu. Generally, during the freezing stage, CR > 1 occurs as a result of theoverestimationofG 0 becauseoftheheatreleasedbythefreezing process from the frozen soil water during the freezing stage (Guo et al. 2011a ). Our results of CR were different from the previous study, which may be related to snow cover (Guo et al. 2011a ). Due to the wind and direct radiation, the evaporation and sublimation rates of the snow were high. Therefore, the energy budget did not reach closure, and the CR was poor (Gu et al. 2015) . In addition, the thermalconductivityoficeisnotconsideredduringthefreezingand completely frozen stage during the calculation of G 0 , which may result in errors of G 0 . Overall, the freeze/thaw process had a certain effect on the energy closure status, but less than in the impact of the high albedo caused by snow cover on the energy closure status.
Conclusions
This paper analyzes the freeze/thaw process and the surface energy budget of the seasonally frozen ground in the source region of the Yellow River, using observation data from the Maduo and Maqu sites from May 12, 2014 , to May 11, 2015 . The annual and daily changes of soil temperature, soil moisture, and surface energy flux with different freeze/thaw stages were obtained. The start and end time of each freeze/thaw stage were determined by a new method utilizing the diurnal cycle of soil temperature and water content. The comparison of freezing-thawing periods, soil temperature, soil moisture, and surface energy flux was conducted between the two sites.
The Maduo site had the longer freezing-thawing periods (the completely frozen stage, the freezing and thawing stages) than the Maqu site at every depth of soil. Compared with the Maduo site, the starting date of the freezing process was later and the freezing depth was shallower at the Maqu site. It took 25 and 27 days for Maduo and Maqu sites respectively to reach the completely frozen stage for shallow soil layer. The Maduo site (124 days) had the longer completely frozen periods than the Maqu site (84 days). The starting dates of the thawing process at Maqu site were earlier than at Maduo site, due to the high soil moisture of Maqu site. The maximum frozen depth was about 320 cm at Maduo site and 90 cm at the Maqu site.
The soil temperature of the Maqu site was higher than of the Maduo site due to the lower latitude and altitude. The soil moisture at the two sites decreased with the increase of the soil depth. The soil at the Maduo site was the driest under the depth of 40 cm. The soil moisture of Maqu site decreased rapidly from the depth of 50 cm to 80 cm, with the driest soil lying below the depth of 80 cm. These differences are due to the different soil types and the climate types between the sites.
The diurnal amplitudes of soil temperature of Maduo site were larger than of Maqu site at all freeze/thaw stages, and the amplitudes are the largest in the completely thawed stage (9.19 and 4.35), while the minimum amplitude occurred in the freezing stage (1.23 and 0.47) due to the phase change. The diurnal amplitudes of soil moisture of Maqu site were greater than of Maduo site at all freeze/thaw stages. Compared with the completely thawed stage, the soil moisture is significantly lower at the shallow soil layer during the completely frozen stage. The annual variations of net radiation (Rn) of the Maduo and Maqu sites showed a similar pattern: a unimodal change related to solar insolation with synoptic scale fluctuations. Rn's seasonal change was hardly influenced by the freeze/thaw process. The mean G 0 was negative during the freezing and completely frozen stages, and positive during the thawing and completely thawed stages. The annual mean values of the G 0 at Maduo site and Maqu site were − 2.28 and 0.28 W/m 2 , respectively. Hence, the overall annual effects of the two sites were different. The heat was transferred from the soil to the atmosphere at Maduo site and absorbed by the soil from the atmosphere at the Maqu site. During the completely thawed stage, the soil moisture of the shallow soil layer increased; the LE predominated in the surface energy distribution. The shallow soil moisture and the evaporation were weak during the completely frozen stage, resulting in the low LE. The H predominated in the surface energy distribution. Overall, the variations of fluxes were affected by both the monsoon and the freeze/thaw process of the soil layer in the seasonally frozen region.
During the completely thawed stage, the diurnal range of the LE was greater than H at both sites. During the complete frozen stage, the range of LE was weak because of the small diurnal range of unfrozen soil water content. The diurnal variation of Rn in the completely frozen stage was distinctly weaker than those in other stages, which may be caused by the thermal insulation and the large albedo of the snow cover in the completely frozen stage. G 0 was the greatest during the completely thawed stage and the smallest in the freezing stage, which was due to the weak diurnal variation of soil temperature and small soil moisture in the stage. The freeze/thaw process had a significant effect on the diurnal change of G 0 during the freezing stage.
The annual energy closure status was 0.77 at the Maduo site and 0.58 at the Maqu site. The energy closure status of the Maduo site is better than that of the Maqu site. The energy closure status of the Maduo site during the completely thawed stage was 0.92, which is higher than those in other stages and the annual energy closure status (0.77). The energy closure status of Maqu site was the highest (0.78) during the thawing stage. The energy closure status during the freezing stage was 0.54 at Maduo site and 0.46 at Maqu site; both are the lowest among the four stages, due to the snow cover's impact on surface energy exchange. Overall, the freeze/thaw process had a certain effect on the energy closure status, but less than the impact of the high albedo caused by snow cover on the energy closure status.
